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Abstract 
In present study, the stress transfer approach for deformation and cracking analysis of tensile reinforced concrete members is investigated. 
Stress transfer model which is able to take into account stochastic distribution of mechanical properties of concrete was developed. As 
numerically obtained results are principally governed by the bond-slip function used, a sensitivity analysis is performed examining the 
well known bond models and their influence on prediction results of the development of cracks and overall deformation. It has been 
shown that modeling deformation behavior of cracked reinforced concrete, satisfactory results can be achieved for a large range of 
possible bond stress-slip relationships. However crack spacing and width predictions are highly sensitive to the assumed bond model. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Reinforced concrete (RC) is a composite material comprising concrete and reinforcement. The interaction of these 
materials, often referred as bond, has a crucial effect on performance of RC structures, both in the serviceability and the 
ultimate limit states. 
In general practice, design of RC structures is based on the assumption of full interaction through concrete and 
reinforcement interface, i.e. no physical slip is allowed. This simplification is reasonable in load bearing capacity analysis, 
however becomes unacceptable when serviceability of RC structures is considered [1]. For serviceability analysis, stress 
transfer (also called force transfer, or partial interaction) approach seems to be an attractive alternative to commonly used 
code techniques, as it realistically reflects the nature of RC, bond-slip mechanics, development of cracks and the effect of 
tension stiffening. 
The stress transfer models were initially developed assuming constant bond stresses distribution in the concrete-steel 
interface [2]. Later this approach was extended by using stepwise bond stress distribution [3] relating average bond stresses 
with the bond strength. Marti et al. [4] used stepwise assumption developing tension chord model and applied it for the 
deformation and cracking analysis in the yielding stage. 
Assumption of constant bond stress distribution gives a simple solution of the stress transfer problem, however rigorous 
formulation of the stress transfer approach requires bond to be dependant on slip. Somayaji and Shah [5] assumed 
exponential bond stress distribution function and developed an analytical procedure for prediction of deformation and 
progressive cracking of tensile RC specimens. Balazs [6] analyzed the cracking behaviour of RC elements in the crack 
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formation and stabilized cracking phases using non-linear bond stress-slip relationship recommended by the CEB-FIP 
Model Code. Salem and Maekawa [7] developed a spatially averaged stress transfer model and applied it for cracking and 
tension-stiffening analysis under highly inelastic range. For that purpose, they used a bond stress-slip model, proposed by 
Shima [8]. Shima’s bond model is able to take into account strain in the reinforcement and is applicable for low-modulus 
bars. Borosnyoi and Balazs [9] studied the crack spacing and widths in RC members performing the state of the art review 
on the stress transfer approaches. Recently Fantilli and Chiaia [10] studied the size effect on crack spacing in RC elements 
using the concept of stress transfer. Baena et al. [11] used the stress transfer algorithm for parametrical analysis of tension-
stiffening in tensile RC members. Zabulionis and co-authors [12] studied influence of bond properties on deformation 
behavior of RC tensile members. They assumed linear bond-slip law and analytically solved the differential equation of 
local bond and slip. 
The essential concept in all stress transfer models, which principally governs the obtained results is the bond-slip model 
used for analysis. Considering well known bond stress-slip relationships, present study investigates influence of a bond 
model on cracking and deformation behaviour of RC tensile members. A numerical algorithm has been developed and 
applied for modeling experimental ties reported in the literature. A sensitivity analysis varying bond stress-slip function has 
shown that satisfactory results predicting deformation behavior of RC can be achieved for a large range of possible bond 
models. However, crack spacing and width predictions are highly sensitive to the assumed bond model. 
2. Stress transfer model 
In the most of the aforementioned studies, deformation and cracking behaviour of RC were investigated using ties. It is 
generally agreed that such members can adequately represent the tension regions in RC structures. Present study also deals 
with tie members. The developed stress transfer model is based on the following assumptions: 
1. Bernoulli's hypothesis of plain section is adopted for concrete. As was shown by Wu and Gilbert [13], such 
simplification well approximates real section behaviour. 
2. The tensile stress in a cracked concrete section (tension-softening) is ignored, i.e. stresses transmitted though the crack 
plane are negligible in comparison to the stresses transmitted through the bond. Maekawa and co-authors [14] have shown 
that only for lightly reinforced members (p < 1%), tension softening may have considerable influence on deformation 
analysis. 
3. Linear elastic constitutive model was assumed for reinforcement. 
4. Concrete in tension behaves in an elastic-brittle manner. 
The developed algorithm was implemented as shown in Fig. 1. Some aspects of the calculation are emphasized bellow: 
 

Fig. 1. Calculation scheme by the stress transfer approach 
452   Ronaldas Jakubovskis et al. /  Procedia Engineering  57 ( 2013 )  450 – 455 
1) RC element is divided into finite number of sections n. In the present model, the recommended distance between 
sections (Δx) should not greater exceed 0.02 m. 
2) The analysis is based on three groups of equations: equilibrium, constitutive and bond (see Fig. 1). These equations 
are simultaneously-iteratively solved until compatibility and boundary conditions are satisfied in all sections. 
3) Wide range of possible bond-slip relationships can be covered using the following power function: 
 
( )s Csατ =
 (1) 
where τ(s) is the bond stress; s is the slip; C and α are the empirical constants. The most broadly used form of equation (1) 
was proposed by Eligehausen et al [15] and later introduced to the Model Code [16, 17]: 
 ( )max 0( )
α
τ = τs s s  (2) 
where τmax is the maximal bond stress; s0 is the slip value related to the maximal bond stress. Parameters of equation (2) 
analyzed in this study are shown in Figure 2. 
 

Fig. 2. Bond stress-slip relationships used in the sensitivity analysis. 
4) Introduction of a crack in the middle section of an element (or a block) would lead to the specific number of cracks, 
i.e. 1; 3; 7; 15 etc. This assumption was adopted in stress transfer models developed by Salem and Maekawa [7]; Kwak and 
Ha [18]; Yankelevsky et al. [19], Baena et al. [11]. To represent the stochastic development of cracks, the uniform 
distribution of concrete tensile strength with 3% scatter is assumed in this study. This assures more realistic crack pattern as 
well as deformation prediction of a tensile member. The same scatter was assumed for compressive strength and modulus of 
elasticity of concrete. 
5) To solve the stress transfer problem and obtain the stress and strain distribution along the tie, at least two boundary 
conditions should be known [20]. Thus, the analysis always starts from the middle section of an element (or a block limited 
by two consequence cracks) with two boundary conditions: no slip as well as related bond stress occurs at the centre of the 
block, i.e. τ = 0; s = 0. Transfer length, required to attain the composite action of tensile concrete and reinforcement is 
calculated. If the analyzed block is sufficiently long, the obtained transfer length is shifted from the centre to the ends of the 
block and new crack is introduced in the weakest section of the block, as shown in Figure 1. In the higher steps of loading, 
when short blocks are analyzed, iterative computations are performed, until internal force equilibrium and boundary 
conditions are satisfied.  
3. Modelling Results 
The developed stress transfer algorithm was applied to the experimental specimens tested by Farra and Jaccoud [21]; Wu 
and Gilbert [13]. Details of the selected specimens are listed in Table 1, where fc and fct  are the concrete compressive and 
tensile strength; Es and Ec  are the modulus of elasticity of reinforcement and concrete, respectively; ∅ is the bar diameter; p 
is the reinforcement ratio. 
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38.8 2.8 200 29.3 14 1.54 
STN-12 1100; 
100x100 
21.6 2.0 200 22.4 12 1.14 
STN-16 1100; 
100x100 
21.6 2.0 200 22.4 16 2.05 
 
 
Fig. 3. Load-average strain diagrams and average crack with-average strain diagrams calculated using different bond stress-slip functions 
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In experimental program reported by Farra and Jocoud [21], three identical specimens S20-14 were tested, whereas 
single specimens STN-12 and STN-16 were investigated by Wu and Gilbert [13]. The obtained load-average strain 
diagrams calculated using different bond-slip functions are shown in Fig. 3. 
In the case of close to rigid bond-slip function (α= 0.1), most of the cracks form at the cracking load, as high bond stress 
develops at very low slip values. A more gradual crack formation was obtained using the bond function with power rate 
α= 0.4, when new cracks formed before yielding of reinforcement. Linear bond stress-slip relationship (α= 1) provided two 
plateaus in the load-average strain diagrams, in relation to the first and second formation of cracks. In general, all bond 
models were able to satisfactorily represent the deformation behavior of the experimental specimens. However, it should be 
pointed out that the experimental load-average strain curves of specimens STN-12 and STN-16 in the advanced stages of 
loading (ε > 1.5) approached the bare bar response. This tendency was not captured by the developed stress transfer 
approach, as the strain rate is not introduced in the bond-slip function (2) used in the analysis. The influence of strain on 
bond stresses has been also emphasized in the studies performed by Shima [8] and Wu and Gilbert [13]. 
Although the chosen bond model did not have much influence on deformations of the tensile members, the calculated 
crack patterns were different (see Fig. 3, where n denotes the number of cracks). This led to the different average crack 
width-average strain diagrams, shown in Fig. 3. Naturally, the smallest crack widths were obtained using close to rigid bond 
function (α = 0.1), resulting highest number of cracks. The assumption of linear bond stress-slip relationship (α = 1) resulted 
in only 3 cracks giving the upper boundary values of average crack width. From Fig. 3 it can be noticed that the calculated 
average crack widths differed up to 3-4 times when linear (α = 1) and close to rigid (α = 0.1) bond-slip functions were used. 
Experimentally measured average crack widths were accurately modeled using bond function with power rate = 0.4, as 
this function adequately represented the real distribution of cracks. 
4. Conclusions 
Stress transfer approach seems to be an attractive alternative to commonly used code techniques, as it realistically reflects 
the nature of RC modelling interaction between concrete and reinforcing bars. Idealization of this interaction, often called as 
bond, principally governs the obtained cracking and deformation analysis results in stress transfer algorithms. 
In present study, the stress transfer approach was extended taking into account stochastic distribution of mechanical 
properties of concrete. This allowed to model a random cracking process with a large number of possible crack patterns. 
A sensitivity analysis of experimental RC ties has shown that adequate results can be achieved modelling deformation 
behaviour of cracked concrete for a very large range of possible bond-slip relationships. However, crack spacing and width 
predictions are highly sensitive on the assumed bond model. It was found that, the average crack width can differ up to 3-4 
times comparing linear (α = 1) and close to rigid (α = 0.1) bond-slip functions. In this respect, the bond-slip law with power 
rate α= 0.4 recommended by the Model Code [17] can satisfactory model both deformation and cracking process of the 
experimental specimens. 
However, in the view of the introduced assumptions, bond stress-slip relationship recommended by the Model Code [17] 
is not able to capture degradation of average tensile stresses in concrete under growing load. This tendency can be clearly 
noticed in the advanced stages of loading (ε > 1.5 ) whenload-average strain curve approaches to the bare bar response. 
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